This paper presents the development of Bauxite residue (red mud) based cement composite mortar blocks for applications in pavement construction. The experimental techniques considered include the structural, thermal, morphological and microscopy analysis of the raw bauxite and red mud samples calcined at 800°C. Composite mortar blocks of different batch formulations were produced and their physicochemical properties were investigated. The results show that the compressive strength of the as-prepared composite mortar blocks increased by ∼40% compared to the type M mortar strength of ∼2500 N/mm 2 . The load bearing applications of the composites are discussed to influence the adoption of the calcined red mud as supplement in the production of low-cost Portland cement based composite mortar blocks for the construction industry.
Introduction
The search for recycling alternatives of several industrial wastes has become a very common practice aimed at reducing cost of industrial waste disposal and protection of the environment. One of such industrial waste is bauxite red mud; an alkaline leaching waste with typical pH of 10-13 [1] [2] [3] [4] , which is generated during the Bayer process or bauxite calcination method for alumina production [5] [6] [7] .
Bauxite consists of ∼75% of hydrated alumina (Al 2 O 3 ·3H 2 O and Al 2 O 3 ·H 2 O) with the main impurities including iron oxide (goethite, Fe 2 O 3 ·H 2 O), hematite (Fe 2 O 3 ), anatase (TiO 2 ), rutile (TiO 2 ) and silicate impurities. The silicate impurities in bauxite are primarily quartz (SiO 2 ) and kaolinite. During the treatment of the bauxite ore by the Bayer process ( Fig. 1) , it is initially crushed and digested with a hot solution of sodium hydroxide (NaOH), and lime liquor at ≈175°C and subjected to attack at high pressure and temperature. This condition makes it possible to convert the hydrated alumina into sodium aluminate solution (Eq. (1) 
The impurities are separated from the aluminate solution by decantation and filtration, followed by washing. The solid residues thus obtained are called red mud and are mainly made up of oxides of iron, aluminium, silicon and titanium. However, despite being washed and considered as an inert solid waste, red mud remains strongly alkaline and highly corrosive. It is usually discharged as highly alkaline slurry (pH 10-13.5) with 15-40% solids, which is pumped away for appropriate disposal. This strong alkaline character (Na 2 O + NaOH = 2.0-20.0 wt.%), restricts the disposal conditions of red mud in order to minimize environmental problems such as soil contamination and ground water pollution. Its chemical and mineralogical composition may however slightly vary, depending on the source of bauxite, the technological processing conditions (Bayer process or bauxite-calcination method) and storing ages. It is composed of six major oxides (Al 2 O 3 , Fe 2 O 3 , Na 2 O, SiO 2 , CaO, and TiO 2 ), and a large variety of other minor elements.
It has been estimated that 66 million tons of red mud [8] is produced annually across the world and it is considered to be "hazardous" according to the Brazilian NBR 10004 standard [9] . Over the years, the disposal of red mud by methods such as sea water discharge, lagooning and dry-stacking has been a major challenge to alumina companies and environmentalist. It is expensive, requires lot of land and poses numerous environmental and health hazards. As a result of these challenges, lots of research has been carried out to device means of economically utilizing this highly alkaline waste as a raw meal for the production of Portland cement clinker, as a partial substitute for clay in the production of bricks [10] , in the preparation of special cements [11] and pozzolanic pigment.
Portland cement happens to be one of the most popular and widely used building materials across the world due to the availability of raw materials over the world, easy processing and its amenability to conceivable shapes [12] . However, there are two major drawbacks with respect to sustainability in the use of Portland cement which are: (1) about 1.5 tons of raw materials is needed in the production of every ton of Portland (PC), at the same time also about one ton of carbon dioxide (CO 2 ) is released into the environment which means that the production of Portland cement is a resource and energy intensive process. (2) Concretes made of Portland cement deteriorate when exposed to severe environments and this affects the service behaviour, design life and safety of structural constructions [13] . Studies have shown that utilization of red mud in the production of construction and building materials has the potential of consuming the red mud waste in higher quantities. For instance, it was reported that 2.5 million tons of red mud was consumed by the cement industry during 1998-1999 in India and researchers found that the hydration reaction of Portland cement is favoured by a highly alkaline environment which red mud is noted for [14] . The high alkalinity of red mud which is of environmental concern serves as a major asset in the attempt of inhibiting corrosion in reinforced concrete rebar and reducing sulphur build-up in the kiln system of cement plants. Tsakiridis et al., [11] in Greece studied the addition of red mud residue by 1% in the raw mix for the production of Portland cement and found that the red mud can be utilized as a raw material in cement production, at no cost to the producer thus, contributing in the reduction of the process cost. It has also been found out that the maximum potential strength developed by cement is never fully utilized as about half of the amount of Portland cement consumed in building construction is used in masonry and plastering whose strength requirement is about 4.0 MPa while Portland cement is suited for applications with strength requirements exceeding 15.0 MPa [15] . Materials with pozzolanic characteristics may thus be used to partially replace the cement in those applications and red mud is tested here for this purpose.
This study investigates the physico-mechanical and economic influence of calcined Bayer red mud addition in Portland cement based pavement blocks. The bauxite for the red mud preparation was obtained from Awaso in the western region of Ghana (Fig. 2 ) which is the main bauxite occurrence in Ghana. The bauxite rests on a layer of kaolin or lithomarge, which separates it from the underlying slates and the lower Birimian phyllites which strikes at N40E to N80E with steep dips to the NW. Hence, this bauxite can be classified as lateritic silicate bauxite because they have been formed as a result of indirect bauxitization processes under tropical weathering conditions. The built up sections range from the top soil, Bauxite and to Lithomargic clay (rock like) occurrences.
In a typical red mud production via the Bayer process, ball milled bauxite with particle sizes < 355 μm were slurred with hot (135°C-140°C) 2 M concentration of NaOH and digested in a 1L pyrex beaker at atmospheric pressure under constant stirring for 
D. Dodoo-Arhin et al. Case Studies in Construction Materials 7 (2017) 45-55
∼30 min to enable dispersion of particles. After digestion, the homogenous mixture was allowed to cool to room temperature for 24 h and the liquid aluminous is filtered off leaving the residue on a filter paper (Fig. 3) . The chemical and mineralogical composition of the samples was determined using a Thermo Fisher ARL9400 XP+ Sequential XRF equipped with WinXRF software for analyses. The samples were milled in a tungsten-carbide milling pot to achieve particle sizes < 75 μm and dried at 100°C. After drying, the samples were roasted at 1000°C to determine loss on ignition (LOI) values. 1 g of the sample was mixed with 6 g lithium tetraborate flux (Li 2 B 4 O 7 ) and fused at 1050°C to make a stable fused glass bead. For trace element analyses, the sample was mixed with a PVA binder and pressed into a pellet using a 10-ton press. X-ray powder diffraction (XRD) patterns were collected on an XPERT-PRO diffractometer (PANalytical BV, Netherlands) with theta/theta geometry, operating a cobalt tube at 35 kV and 50 mA. The goniometer is equipped with automatic divergence slit and a PW3064 spinner stage. The X-ray diffraction patterns of all specimens were recorded in the 10°-70°2θ range with a step size of 0.017°a nd a counting time of 14 s per step. Qualitative phase analysis was conducted using the X'Pert Highscore plus search match software.
The morphology of the samples was studied on a FEI XL 30 Environmental Scanning Electron Microscope equipped with an Energy Dispersive X-ray Spectroscopy system based on a nitrogen cooled Si-Li detector. The samples were metalized and analyzed at 30 kV and 93 μA.
The thermal stability of the various phases in the samples was studied on a standard SDT Q600 (V20.9 Build 20) TG/DTA instrument under air flow of 50 mL/min. Prior to analysis A sapphire standard was used to calibrate the thermal response due to heat flow as well as the temperature. 25 mg of the specimens were placed in an alumina (Al 2 O 3 ) crucible (100 mg capacity), subjected to a linear heating ramp between 15°C and 1200°C at a rate of 10°C/min and a cooling rate of 50°C/min. The test measurements were 
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Case Studies in Construction Materials 7 (2017) [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] made for the mass change (loss) of the sample as a function of the temperature and the phase changes by the adsorption or the emission of energy.
Bauxite red mud-cement composite mortar pavement blocks fabrication
The mortar was prepared using a Ghanaian limestone Portland cement (Diamond class 42.5N), calcined red mud, fine aggregates (river sand) and laboratory tap water. The red mud from the Bayer process was calcined for 2 h at 800°C in a gas test kiln in order for the aluminium hydroxides (boehmite and gibbsite) to develop some pozzolanic behaviour [16, 17] . The control mix proportion for the mortar preparation was Portland cement, sand and 0.5 water/cement ratio according to the BS EN196-1: 1995 standard. The materials were weighed into the mixer bowl which mixes the materials into a homogenous mixture whiles a measured amount of water is poured into the mix simultaneously to form the paste.
The stirrer of the mixer was set to rotate at a speed of 4 rpm and the total time used for mixing each batch was 120 s. The quantity of the sand and water were kept constant while that of the cement was varied with red mud in the percentages of 5, 10, 15, 20 and 25. Table 1 gives an illustration of the design mix proportion and the batch formulation respectively. Four 7.5 cm × 7.5 cm cubes, 6 cm × 3 cm × 2 cm briquettes and 20 cm × 1 cm × 1 cm bar samples were made from each mix batch as shown in Fig. 4 . 
Physical property characterization
The standard consistency, the initial and final setting times of the fresh red mud -Cement based mortar of the various batches were determined using the Vicat needle apparatus (Controls, L28) according to the British and European Standards BS EN 196-3:1995 The water of absorption characterisation was conducted to estimate the final products' (blocks) susceptibility to seepage of water through its pores when immersed in water. The average weight of a fired briquette was measured in air and then re-weighted after being soaked in water for about one hour. The water of absorption (WA) values were obtained in relation to the apparent porosity (AP) and bulk density (BD) as given in Eqs. (2)- (4), respectively. 
S w is the soaked weight, F w is the fired weight, W a is the sample dry weight in air, W b is the weight of soaked sample in water, and W c is the weight of soaked sample measured in air. ASTM C830-09 and ASTM D6111-09 standard tests were followed in the determination of the porosity and bulk density respectively. The apparent and bulk density tests were carried out by making briquettes of 6 cm × 3 cm × 2 cm samples. After demoulding, their wet weights (W w ) were taken and subsequently conditioned in the laboratory for 24 h. After conditioning, the dry weight (W d ) of the samples were taken after which the samples were totally immersed in water for 28 days to ensure that the pores of the samples were completely filled with water. After the 28 days the samples were taken out and weighed in order to determine the weight soaked in air (W s ) after which the soaked samples were suspended in water and the weights taken (W ss ). The apparent porosity and bulk density was determined using the Archimedes principle.
Water absorption data and apparent porosity variation as the content of red mud increases are presented and discussed.
Flexural strength (modulus of rapture-MOR)
Using three-point bending testing (ASTM C99/C99M-09 standard protocols), the flexural strength of the test bars was determined. Fig. 5 represents the test configuration for specimen dimension of 20 × 1 × 1 cm 3 and distance 7.6 cm (between supports). 
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Monotonic loading was done at 1.85 kg/min till point of fracture. Eq. (5) was used in computing flexural strengths and the average values were recorded from two tests. The effect of the percentage red mud content on the flexural strength values was investigated.
Where F is load, b is breadth, h is depth, L is distance between supports used. 
3. Results and discussion
XRF and XRD analysis
The mineralogical composition as well as physical and chemical properties has a critical influence on the industrial applications of ceramic materials. From Table 2 , it can be seen that the dominant oxide in the Awaso red mud is Al 2 O 3 . It is also worth stating that the dominant red colour of both the red mud and bauxite is attributed to the well dispersed particles of iron oxide (Fe 2 O 3 ) in both samples.
From the XRD data (Fig. 6) , the main mineral phases identified in the Awaso red mud sample using the X'Pert Highscore plus software are hematite (Fe 2 
Thermal analysis (TG-DTA)
The main mineral phases of dried red mud at room temperature are calcite (CaCO 3 ), dicalcium Silicate (Ca 2 SiO 4 ), hematite (Fe 2 O 3 ), perovskite (CaTiO 3 ), gibbsite (Al(OH) 3 ), and CaO. The TG-DTA thermograms (Fig. 7) show a continuous weight loss distributed in the range of 25-1200°C. The figure shows two main portions of mass loss as the rise of temperature. The first one is during the heating temperature interval of 50-550°C when the physically absorbed water and chemically bound water is off. Before the temperature gets up to 500°C, the sample loses ≈27.62% of its total weight. The proportion of physically absorbed water is small. 
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Comparing this result with the results of the XRD analysis, the lost chemically bound water could be mainly attributed to the decomposition of gibbsite (Al(OH) 3 ) to alumina (Al 2 O 3 ) and H 2 O which can combine with the CaO to form tricalcium aluminate or Gehlenite.
The more rapid decline in the range of 550-900°C with a mass change of ≈1.81% could be attributed to the release of CO 2 [18] . The release of CO 2 is due to the decomposition of Calcite (CaCO 3 ) into CaO. The chemical equations during this phase transformation are as follows:
2CaO + 2Al 2 O 3 + SiO 2 → 2Ca 2 Al 2 SiO 7 .
The phases of tricalcium aluminate (Ca 3 Al 2 O 6 ) and gehlenite (Ca 2 Al 2 SiO 7 ) start to develop in the 800-900°C range. There is no obvious mass change or phase change above 900°C.
The SEM micrographs (Fig. 8 ) of the red mud and red mud-cement composites show particles with plate-like shapes and agglomerates on the microstructure scale which could be attributed to the processing of the powders via ball milling. Homogeneous blend of the red mud and cement for the various batches were physically observed.
Physical and mechanical properties of red mud cement mortar blocks
From Table 3 , it is observed that both the initial and final setting times of the Portland cement mortar decreases with increase in red mud additions thus, the addition of red mud tends to accelerate the setting process. This result can be attributed to the high alkalinity of the red mud and the presence of aluminium and sodium hydroxides (known as curing accelerators).
The standard consistency of the mortar samples increases as the amount of calcined red mud increases as shown in Table 3 . This observation can be attributed to the fact that the red mud particles are lighter, finer and occupy large volume hence the amount of water needed to obtain the same standard paste as compared to the reference mortar increases. Also, as the red mud content increases, the workability of the paste decreases and more water is needed for the wetting and kneading of the paste.
It can be seen from Table 3 that the flexural strength value decreases for mortars with red mud percentages of 10, 15, 20 and 25 and value increases for 5% red mud replacement in cement with respect to the reference mortar. This decrease in strength could be attributed to the fact that as the red mud content increases, the workability decreases and the packing effect reduces thereby causing the material to be porous and having reduced strength. However, for 5% red mud replacement it could be seen from the table that the flexural strength was higher than that of the reference mortar block and this could be attributed to the fact that the bonding between the particles was very strong due to better packing hence the increase in strength.
It can be observed from Fig. 9 that as the red mud content increases the compressive strength decreases. The strength of the mortar block is affected by the workability and the porosity and as deduced earlier, the increase in red mud content tends to decrease workability and increase porosity. From these inference it can be said that the more the red mud content the less the strength.
It can be seen from Fig. 10 that for 5%, 10% and 15% red mud replacement, the bulk density increases as compared to the reference mortar block. This is due to the fact that with these replacements, the fine nature of red mud increased mortar compactness thus producing high density (filler effect). However, for subsequent increase in red mud, because of the decrease in workability, the mortar compactness is less hence decreases density. It can also be seen that as the density increases, porosity decreases and as porosity increases density decreases. It can be seen from Fig. 10 that as the red mud content increases in the mortar, the water absorption also increases. This observation can be attributed to the fact that as the Red mud (RM) content increases the workability decreases and as the workability decreases the porosity increases, hence the amount of water that is able to seep through the pores increases.
For water of absorption to increase, it means a material is porous and from Fig. 11a , increasing red mud addition to cement mortar increases the porosity due to reduced workability and increase porosity and water absorption degrades the strength of the mortar. This also increases the standard consistencies (Fig. 11b) of the mortars.
Mortar blocks for paving applications are more likely to be in a saturated condition than those for walls. In view of this, the mortar typically must be more durable to resist the harsher exposure. Type M mortar is recommended with Type S as the alternate. In general, comparing the compressive strengths of the various compositions of red mud based mortars with ASTM C 270 classification Case Studies in Construction Materials 7 (2017) [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] of mortar, the red mud based mortars can be classified as a type M (high strength and for load bearing applications) composite mortar blocks [19, 20] .
Conclusions
Generally, increase in calcined red mud content decreases the compressive as well as flexural strength. However, 5% red mud additions tend to have superior or equal qualities to the reference mortar. Workability of mortar generally is decreased with the increase in red mud content and both the initial and final setting times are accelerated mostly due to the presence of aluminium and sodium hydroxides (curing accelerators). The addition of calcined red mud at 800°C tend to increase the bulk density and decrease porosity for red mud percentages of 5, 10 and 15. The rate at which water seep through the pores (water of absorption) of the mortar blocks also tends to increase with the increase in red mud addition and this has a negative influence on the strength of the mortar block. The replacement of Portland cement with RM up to 25% in mortar preparation for pavement blocks application as achieved in this study would help reduce cost, reduce the impact of the Bayer red mud waste on the environment and also reduce the depletion of the raw materials needed to produce cement which will in turn reduce the amount of CO 2 released into the environment. To improve the workability of the red mud based mortars, super plasticizers such as polycarboxylate ether and melamine sulfonate may be added.
